The heart is the first functioning organ in the embryo and provides blood flow during cardiac morphogenesis from a muscle-wrapped tube a few cells thick to the four-chambered pump. We described the hemodynamics of the chick embryo from stage 12 (50 hours of a 21-day incubation) to stage 29 (6 days), during which the embryo weight increased 120-fold. We measured ventricular, embryo and extraembryonic vascular bed wet weights, dorsal aortic blood flow with a directional pulsed-Doppler velocity meter, and ventricular and vitelline arterial blood pressures witfa a servo-null micropressure system. The data are reported as mean±SEM. With rapid development and morphogenesis, dorsal aortic blood flow increased from 0.015 ±0.004 to 2.40 ±0.20 mm 3 /sec parallel to the geometric increase of wet embryo weight from 2.22±0.10 to 267.5±9.7 mg. Dorsal aortic blood flow normalized for embryo and extraembryonic weight remained relatively constant (Y=2.13+0.02X, r=0.23, SEE=0.03). Stroke volume increased from 0.01 ±0.003 to 0.69 ±0.03 mm 3 , and heart rate doubled from 103±2 to 208±5 beats/min. Systolic, diastolic, and mean vitelline arterial pressure increased linearly from 0~32±0.01, 0.23±0.01, and 0.28±0.01 mm Hg at stage 12 to 2.00±0.06, 1.22±0.03, and 1.51 ±0.04 mm Hg, respectively, at stage 29. Ventricular peak systolic and end-diastolic pressure increased from 0.95±0.04 and 0.24±0.02 at stage 12 to 3.45±0.10 and 0.82 ±0.03 at stage 29, respectively. The hemodynamic waveforms were similar to those found in the four-chamber heart of the mature animal. These data are integral to understanding the interrelation of function and form during cardiac development. (Circulation Research 1989;65:1665-1670 H eart development is a dynamic process of growth and morphogenesis accompanied by changing hemodynamic function. While the changes in structure are well described, 1 embryologists and cell biologists are now addressing the mechanisms that bring about the change in heart morphology from a muscle wrapped tube to the complex four-chambered heart.
H eart development is a dynamic process of growth and morphogenesis accompanied by changing hemodynamic function. While the changes in structure are well described, 1 embryologists and cell biologists are now addressing the mechanisms that bring about the change in heart morphology from a muscle wrapped tube to the complex four-chambered heart.
One factor is the interrelation of function and form. Since the heart provides circulatory support to the embryo during nearly all of cardiac morphogenesis, the forces generated by contraction and relaxation likely influence heart development. As part of our long-term studies of function and form in cardiovascular development, we measured the hemo-dynamic parameters that accompany heart development during the period of rapid heart growth and morphogenesis.
In this study, we report measurements of embryo and ventricular growth, the ventricular and vitelline artery pressures, and dorsal aortic blood flow of the embryonic chick heart beginning 2 hours after initiation of the heart beat through completion of cardiac septation.
Materials and Methods
Fertile white Leghorn chicken eggs were incubated blunt end up at 38.5° C in a forced-draft incubator to Hamburger and Hamilton 2 stages 12, 14, 16, and 29. Studies at these stages extended our previous observations of stage 18, 21, 24, and 27 embryos 3 - 4 and formed a continuum of measurements beginning 2 hours after the initiation of pump function through septation of the heart and great vessels. These stages were chosen because wet embryo weight doubles between stages.
For the embryo, ventricle, and extraembryonic vascular bed weights, the vitelline membrane was stripped away from the yolk, and each tissue was removed and rinsed with chick Ringer's solution. For physiological measurements, an egg was removed from the incubator and positioned on the stage of a dissecting microscope. A window was made in the shell, and the inner and outer shell membranes that overlay the embryo were removed.
Blood pressure was measured in the ventricle or a first-order vitelline artery with a servo-null micropressure system (model 900, World Precision Instruments, New Haven, Connecticut) and a 7-/im glass probe. This pressure system had been validated to be accurate over the range of 0-39 mm Hg. 3 The response time from 10% to 90% is 20 msec, and the frequency response is flat to 10 Hz. 5 Zero trans-tip pressure was obtained by immersing the electrode in the extraembryonic fluid at the level of measured site.
Mean dorsal aortic blood flow, an index of cardiac output, was measured with a 20-mHz directional pulsed Doppler velocity meter. A 0.75-mm piezoelectric crystal was positioned at a 45° angle to the dorsal aorta at the level of the sinus venosus. This Doppler velocity meter was validated to be accurate in the range of 0-16 mm/sec. 3 The measurement of dorsal aortic blood velocity includes all blood ejected from the heart except blood flow to the head. From plastic casts of the cardiovascular system, we estimate that less than 10% of blood flow goes to the head.
The diameter of the dorsal aorta was measured with a filar micrometer eyepiece. The area of the aorta was calculated from the equation, area=-mi 2 / 4, where d is the aortic diameter. Heart rate was calculated by measuring the interval between pulse waves and converting to beats per minute. Stroke volume per beat was determined from the quotient of mean dorsal aortic blood flow divided by heart rate. Cardiac work was the product of stroke volume and mean arterial pressure. Vascular resistance was the quotient of mean arterial pressure divided by mean dorsal aortic blood flow.
Dorsal aortic dV/dt, vitelline arterial dP/dt, and ventricular dP/dt were derived electronically from the analog velocity and pressure signals, respectively, by a differentiating channel that was calibrated with a ramp voltage generator. Mean vitelline pressure was derived by integrating the phasic pressure wave.
All directly measured data are presented as mean± SEM. We used a statistical ratio analysis to determine the mean±95% confidence intervals for vascular resistance, cardiac work, and dorsal aortic flow normalized for wet embryo and extraembryonic weight.
Results
As embryo weight doubled between stages, the relative weight of the ventricle decreased (Table 1, Figure 1 ). At stage 12, the ventricle was 4.5% of total embryo weight and decreased to 1.2% at stage 29.
The waveforms of the dorsal aortic velocity, vitelline arterial, and ventricular pressures of stage 12, 24, and 29 were similar to those observed in mature animals (Figure 2 ). Dorsal aortic blood had a forward velocity without evidence of retrograde blood flow. The vitelline arterial pressure waveform had a distinct systolic and diastolic portion, and dicrotic notch. The ventricular pressure waveform Results are expressed as mean±SEM.
had a systolic component and a two-component diastolic phase consisting of an early diastolic slow pressure rise and an end-diastolic accentuation. Dorsal aortic blood flow increased in parallel with the geometric increase in embryo weight. The crosssectional area of the dorsal aorta increased linearly as did the mean velocity of aortic blood flow (Table  2) . Thus, mean dorsal aortic blood flow doubled between successive stages. Heart rate increased from 103 to 208 beats/min, but 80% of the increase in dorsal aortic blood flow was due to an increase in ventricular stroke volume from 0.01 ±0.003 mm 3 to 0.69±0.01 mm 3 ( Table 2 ). Although embryo mass increased 120-fold, mean dorsal aortic blood flow normalized for embryo and extraembryonic weight remained constant beyond stage 12 ( Figure 3 ).
Systolic and diastolic artery blood pressure increased linearly from stage 12 to 29. The arterial pulse pressure increased from 0.32 to 2.00 mm Hg, respectively. Mean vitelline arterial pressure increased from 0.28±0.01 mm Hg to 1.51 ±0.04 mm Hg (Table 3, Figure 4 ). There was a significant increase in peak systolic ventricular pressure from 0. The relative mass of the heart decreased with the increase in size and complexity of the embryo. This is consistent with the relation found among mammals during maturation in a single species where the heart becomes progressively a smaller percent of the total animal mass. 6 In the mature animal, this change is ascribed in part to the lower vascular resistance. Other factors also operate in the embryo.
Early in development, the embryonic heart is a complex organ of cells and extracellular matrix. At stage 12, the heart tube is composed of a three-to five-cell myocardial mantle surrounding a cuff of cardiac jelly and a one-cell layer of endocardium. 7 Within the individual myocytes, the contractile elements are in spatial disarray and likely only a proportion are functional. 8 With development, more of the heart becomes myocardium and more contractile elements likely are functional.
The vascular bed also changes rapidly with development. The extraembryonic vascular bed, the viteUine membrane, and the chorioallantoic membrane expand rapidly. The rapid addition of new resistance units is one factor accounting for the geometric decrease in vascular resistance. The dynamic characteristics of the vascular bed also change. Our studies of dorsal aortic impedance show that in addition to the zero-order modulus, there are parallel changes in the first-, second-, and third-order moduli, indicating changes in wave reflection and compliance of the vessel walls. In addition, the energy expended in pulsatile blood flow increases from one third to two thirds of total energy between stages 18 and 29.
The increase in dorsal aortic blood flow paralleled embryo growth. The consistent relation of blood flow per milligram of embryo weight suggests that a feedback mechanism adjusts cardiac output to metabolic demands. At this time, we have little evidence as to what comprises this mechanism.
At these stages in development, the heart and brain are maturing but are not anatomically or functionally connected. Anatomic parasympathetic neurons do not reach the heart until stage 39 (day 13) and are functional at stage 42 (day 16). 9 Sympathetic fibers derived from neural crest tissue are located in the conotruncus at stage 31 (day 7), but the sympathetic limb is not functional until stage 41 (day 17). w There are, however, circulating neurohumoral agents and other peptides. Adrenergic and cholinergic receptors in the myocardium and peripheral vascular bed have been identified as early as stage 18 (day 3). 11 Other humoral substances appear early. Atrial natriuretic factor is present in the rat heart at 14 days gestation long before the renal primordia appear. 12 This peptide has marked effects on the extraembryonic vascular bed of the chick embryo as early as stage 15. 13 Cardiac neural peptides are important in the regulation of insect cardiovascular system. 14 We speculate that similar substances have a regulatory function that changes with ontogeny.
We were impressed with the physiological similarities between the embryo and the mature animal. Except for scale, the waveforms of the arterial pressure and blood flow are similar to those in the mature heart. The atrioventricular endocardial cushions act like the mitral and tricuspid valves while the proximal conotruncal cushions function like semilunar valves. This confirms the observations of Patten et al, 15 who recognized closure of the endocardial cushions with each cardiac cycle.
These data are integral to the further studies of the interrelation of function and form. A fundamental characteristic of the mature heart is the ability to adjust myocardial mass to the cardiac work. This characteristic is present early in development. 16 As these studies proceed, we will gain further insight into the complex process of the regulation of vascular growth and expansion.
These studies also have implications for human cardiovascular development. Echocardiographic dimensional and velocity measurements are now obtained in human embryos after implantation of the in vitro fertilized ova. Comparison of chick and human measures of hemodynamic function will provide new information about the similarities and differences between cardiovascular development across species and classes.
